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Involvement of mammalian mitochondrial glycerophosphate dehydrogenase (mGPDH, EC 1.1.99.5) in reactive oxygen species (ROS)
generation was studied in brown adipose tissue mitochondria by different spectroscopic techniques. Spectrofluorometry using ROS-sensitive
probes CM-H2DCFDA and Amplex Red was used to determine the glycerophosphate- or succinate-dependent ROS production in mitochondria
supplemented with respiratory chain inhibitors antimycin A and myxothiazol. In case of glycerophosphate oxidation, most of the ROS originated
directly from mGPDH and coenzyme Q while complex III was a typical site of ROS production in succinate oxidation. Glycerophosphate-
dependent ROS production monitored by KCN-insensitive oxygen consumption was highly activated by one-electron acceptor ferricyanide,
whereas succinate-dependent ROS production was unaffected. In addition, superoxide anion radical was detected as a mGPDH-related primary
ROS species by fluorescent probe dihydroethidium, as well as by electron paramagnetic resonance (EPR) spectroscopy with DMPO spin trap.
Altogether, the data obtained demonstrate pronounced differences in the mechanism of ROS production originating from oxidation of
glycerophosphate and succinate indicating that electron transfer from mGPDH to coenzyme Q is highly prone to electron leak and superoxide
generation.
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The principal site of reactive oxygen species (ROS)
production — the mitochondrial respiratory chain contains
many components that may leak electrons. When free electrons
react non-enzymatically with oxygen, superoxide anion radical
is formed and converted enzymatically or spontaneously intoAbbreviations: BAT, brown adipose tissue; CM-H2DCFDA, 5-(and-6)-
chloromethyl-2,7-dichlorodihydrofluorescein diacetate, acetyl ester; DCPIP,
2,6-dichlorophenolindophenol; DHE, dihydroethidium; DMPO, 5,5-dimethyl-
1-pyrroline-N-oxide; mGPDH, mitochondrial FAD-dependent glyceropho-
sphate dehydrogenase; SDH, succinate dehydrogenase; ROS, reactive oxygen
species
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doi:10.1016/j.bbabio.2007.05.002various reactive oxygen species [1]. It has been shown that
complex III (ubiquinol:cytochrome c oxidoreductase) [2,3] and
complex I (NADH:ubiquinone oxidoreductase) [4,5] are the
main respiratory chain components where ROS are produced.
ROS production has also been observed at the complex I
resulting from the back-flow of electrons derived from the
reduction of flavoprotein-dependent substrates [6–8]. Recently,
it has been demonstrated that complex II (succinate:ubiquinone
oxidoreductase) [9,10], 2-oxoglutarate dehydrogenase complex
[11] and mitochondrial glycerophosphate dehydrogenase
(mGPDH) [8,12,13] can also contribute to the mitochondrial
ROS production. In particular the mGPDH appears to be a
significant source of ROS, both in insect and mammalian
mitochondria [8,12]. mGPDH is a FAD-dependent dehydro-
genase located on the outer side of the inner mitochondrial
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operates as an essential component of the glycerophosphate
shuttle. mGPDH holoenzyme consists of four identical subunits
of 74 kDa [14]. Expression of themammalian enzyme is regulated
by multiple promoters in a tissue-specific manner resulting in
pronounced differences in the mitochondrial content of mGPDH,
which is especially high in brown adipose tissue (BAT) [16] and
placenta [17]. The mechanism of superoxide production by
mGPDH is not known; the flavin, Fe–S cluster or ubiquinone
reduction site could be involved [13]. Unlike complex I, the ROS
production by mGPDH in intact mitochondria was relatively
insensitive to mitochondrial membrane potential [8]. It has been
shown that complex I releases superoxide on the matrix side,
whereas complex III can release superoxide on both sides of the
inner mitochondrial membrane [18,19]. Unexpectedly, mGPDH
was also able to generate superoxide to both sides of the
mitochondrial membrane [13].
With the aim to further characterize the mechanism of ROS
production by mGPDH, we analyzed glycerophosphate-depen-
dent ROS production in BAT mitochondria using spectro-
fluorometry with several ROS-sensitive probes and specific
inhibitors of respiratory complexes. We compared and character-
ized the ROS production upon oxidation of glycerophosphate or
succinate, that both donate electrons to ubiquinone in the
respiratory chain, and found substantial differences in the
mechanism of ROS release. This finding was further supported
by oxygraphic analysis of ferricyanide-induced production of
ROS and by direct determination of superoxide production by
EPR spectroscopy. When using different techniques, we could
thus demonstrate the high rate of the glycerophosphate-dependent
ROS production by BAT mitochondria at the level of dehydro-
genase and coenzyme Q indicating that the transfer of electrons
from the entire mGPDH is highly prone to electron leak.
2. Materials and methods
2.1. Materials
All chemicals were of the highest commercially available purity from Sigma
Chemical Co., unless specified otherwise. Fluorescent probes 5-(and-6)-
chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate, acetyl ester (CM-
H2DCFDA), Amplex Red and dihydroethidium (DHE) were obtained from
Molecular Probes (Invitrogen Corp.).
2.2. Isolation of brown adipose tissue mitochondria
Adult male Syrian hamsters (Mesocricetus auratus) adapted to 4 °C for
3 weeks were killed by decapitation in Narcotan narcosis. BAT mitochondria
were prepared by differential centrifugation in 250 mM sucrose, 10 mM Tris–
HCl, 1 mM EDTA, pH 7.4 as described by Cannon and Lindberg [20] and stored
at −80 °C. Protein content was determined by the Bradford protein assay
(Pierce) using BSA as standard. All studies were approved and performed in
accordance with the requirements of the Animal Care Committee of the Institute
of Physiology and fulfilled NIH guidelines for the human use of animal subjects.
2.3. Fluorometric detection of reactive oxygen species production
ROS production was measured at room temperature using a Wallac 1420
Victor2 (PerkinElmer) multiwell fluorometer. Excitation/emission wavelengths
(bandwidth 15/30 nm) used for fluorescent probes were as follows: CM-H2DCFDA (485/535 nm), Amplex Red (544/590 nm), and dihydroethidium
(485/590 nm). The assay was performed with 0.1 mg of mitochondrial protein
per mL in K-medium (80 mM KCl, 10 mM Tris–HCl, 5 mM K-phosphate,
3 mM MgCl2, 1 mM EDTA, pH 7.4) supplemented with 10 mM glyceropho-
sphate (sn-glycerol 3-phosphate) or 10 mM succinate. Where indicated,
antimycin A and myxothiazol were added at a concentration of 1 μg mL−1. The
final concentration of CM-H2DCFDA was 1 μM. Amplex Red was used at
50 μM with horseradish peroxidase at 1 U mL−1 and the signal was calibrated
using 0–5 μM H2O2. DHE was used at a final concentration of 20 μM.
2.4. Enzyme activity assays
Activities of glycerophosphate dehydrogenase (mGPDH) and succinate
dehydrogenase (SDH) were determined in a Shimadzu UV-1601 spectro-
photometer as 2,6-dichlorophenolindophenol (DCPIP) or cytochrome c
oxidoreductases in frozen–thawed mitochondria. The assay medium contained
50 mMKCl, 10 mM Tris–HCl, 1 mM EDTA, 1 mg mL−1 BSA, 1 mMKCN, pH
7.4 and 100 μM DCPIP or 50 μM cytochrome c (from bovine heart) and
approximately 0.1 mg of mitochondrial protein. The reaction was started by
adding 10 mM glycerophosphate or succinate and changes of absorbance at
610 nm or 550 nm were monitored at 30 °C. The enzyme activity was expressed
as nmol min−1 mg protein−1 using molar absorption coefficient ε610=
20.1 mM−1 cm−1 for DCPIP and ε550=19.6 mM
−1 cm−1 for cytochrome c.
2.5. Polarographic measurement of oxygen consumption
Oxygen consumption was measured in a high-resolution respirometer
Oxygraph-2k (Oroboros, Austria) at 30 °C in K-medium in the presence of
0.5 mM KCN, 0.5 mg mL−1 BSA, and 10 mM glycerophosphate or succinate.
BAT mitochondria were used at 0.1 mg of mitochondrial protein per mL. Where
indicated, potassium ferricyanide (potassium hexacyanoferrate(III)) was added to a
final concentration of 125 μM, myxothiazol to 1 μg mL−1, antimycin A to 1 μg
mL−1, mGPDH inhibitor mercaptodicarbanonaborate to 50 μM, and detergent
lauryl maltoside (n-dodecyl β-D-maltoside) to 0.2 mg mL−1. In a parallel
experiment, reduction of potassium ferricyanide was spectrophotometrically
monitored at 420 nm. The signals from the oxygen electrode were recorded at 1-s
intervals in a computer-driven data acquisition system (Datlab-3 software,
Oroboros; Innsbruck, Austria) and are presented as the first negative derivative of
oxygen tension changes and expressed as pmol oxygen s−1 mg protein−1.
2.6. EPR spin-trapping measurements
Mitochondria were resuspended in K-medium containing 1 mM diethylene-
triaminepentaacetic acid (DTPA, iron chelator) to a final concentration of
0.1 mg mL−1 and 10 mM glycerophosphate and 1 μg mL−1 antimycin A were
added. Where indicated, superoxide dismutase was present at a concentration of
100 U mL−1. Finally, DMPO spin trap (5,5-dimethyl-1-pyrroline-N-oxide, twice
charcoal purified) was added to a final concentration of 150 mM and the mixture
was transferred to the flat cell (300 μL) cuvette (ER 160FC-Q, Bruker). EPR
spectra were subsequently obtained in a Bruker ElexSys E540 spectrometer
equipped with a Bruker high-sensitivity cavity ER 4119HS-W1 operating at
9.75 GHz (X-band) and room temperature. The EPR spectrometer settings were as
follows: modulation frequency, 100 kHz; modulation amplitude, 1.0 G; micro-
wave power, 20 mW; receiver gain, 60 dB; time constant, 1.28 ms; conversion
time, 5.12 ms; and magnetic field scan, 100 G (center at 3480 G), number of scans,
15. Xepr (Bruker) Linux-based package was used for acquisition of data and
Origin (OriginLab) program for data analysis and presentation.3. Results
3.1. Antimycin-induced, glycerophosphate-dependent ROS
generation by brown fat mitochondria
In our previous studies we demonstrated that mGPDH repre-
sents a novel site in the mammalian mitochondrial respiratory
Fig. 1. Time course of antimycin A-induced, glycerophosphate- or succinate-
dependent ROS production by BAT mitochondria. 0.1 mg of BAT mitochondria
were resuspended in 1 mL of K-medium containing 1 μM CM-H2DCFDA,
10 mM glycerophosphate (GP) or 10 mM succinate (Succ), and 1 μg mL−1
antimycin A (AA). Fluorescence intensity was followed at room temperature
every 8 min.
Fig. 2. ROS production in BAT mitochondria measured by CM-H2DCFDA or
Amplex Red. 0.1 mg mL−1 of BAT mitochondria were resuspended in K-
medium containing 10 mM glycerophosphate or 10 mM succinate, 1 μg mL−1
antimycin A (AA), and 1 μg mL−1 myxothiazol (MXT), as indicated. ROS
production was measured after 1 h of reaction with 1 μM CM-H2DCFDA (A)
or 50 μM Amplex Red and 1 U mL−1 horseradish peroxidase (B) at room
temperature. Values are means±S.E.M. of 5 independent experiments
performed in duplicates. Significance is indicated (**pb0.01, ***pb0.001
by paired t-test).
991M. Vrbacký et al. / Biochimica et Biophysica Acta 1767 (2007) 989–997chain, where reactive oxygen species are generated [12,21–23].
To further characterize the mechanism of mGPDH-related
production of ROS we used, as previously, the model of
frozen–thawed BAT mitochondria that are rich in mGPDH and
are freely permeable to substrates for flavoprotein dehydro-
genases SDH and mGPDH. As the mitochondrial membrane is
ruptured, also the potential involvement of ROS production due to
complex I-dependent reverse electron flow can be avoided. To
determine the ability of mitochondria to produce ROS at mGPDH
and downstream the respiratory chain, we have used spectro-
fluorometric measurements with different fluorescent probes in
the presence and absence of antimycin A that blocks electron flow
within complex III to i site of the complex. Fig. 1 shows the time
course of the glycerophosphate- and succinate-dependent ROS
generation detected by CM-H2DCFDA. The specific activity per
mg of protein of glycerophosphate-dependent ROS production
induced by antimycin A was approximately 1.5-fold than that
obtained in the presence of succinate. ROS production supported
by both substrates also increased with time during 70 min of
measurements reflecting a time-dependent oxidation of the
fluorescent probe by the generated ROS.
3.2. Localization of ROS generation in mitochondrial
respiratory chain components
To further discriminate the sites of ROS generation within
the mitochondrial respiratory chain we used myxothiazol, the
inhibitor of complex III preventing reduction of complex III and
thus ROS generation at o site of the complex. Two different
fluorophores, CM-H2DCFDA and Amplex Red, were used to
measure the glycerophosphate- or succinate-dependent, anti-
mycin A-induced and myxothiazol-inhibited ROS generation in
BAT mitochondria (Fig. 2). On the basis of the obtained data we
evaluated the proportions between ROS production connected
with complex III (myxothiazol-sensitive portion of antimycin
A-induced ROS production) and ROS production occurring
upstream due to the transfer of electrons from the respective
dehydrogenase (myxothiazol-insensitive portion) (Table 1A).The results showed that both substrates induced a similar ROS
production caused by the complex III but there was approxi-
mately 2.5-fold ROS generation associated with the dehydro-
genase in case of glycerophosphate compared to succinate.
These measurements using two different fluorescent probes thus
yielded comparable results although the two probes react with
different subsets of reactive oxygen species. When the ratio
between ROS originating from dehydrogenase and coenzyme Q
and ROS produced by complex III (myxothiazol-insensitive/
myxothiazol-sensitive) were calculated, we found the values of
4.6 for glycerophosphate and 1.4 for succinate using CM-
H2DCFDA and corresponding values of 3.0 and 1.1 using
Amplex Red, respectively. Both types of measurements thus
demonstrated an approximately 3-fold higher contribution of
Table 1
Components of ROS production in BAT mitochondria and their relation with enzyme activities
A CM-H2DCFDA Amplex Red
(AU mg protein−1) % (pmol H2O2 min
−1 mg protein−1) %
Glycerophosphate
Total* 127.1±16.88 100 540.1±33.75 100
DH+CoQ** 104.3±6.26 82.1 404.0±30.60 74.8
CIII*** 22.8±4.35 17.9 136.1±6.27 25.2
Ratio (DH+CoQ)/CIII 4.6±0.92 3.0±0.27
Succinate
Total* 72.8±12.45 100 327.0±20.04 100
DH+CoQ** 42.5±3.42 58.4 172.5±20.51 52.8
CIII*** 30.3±4.52 41.6 154.5±7.78 47.2
Ratio (DH+CoQ)/CIII 1.4±0.24 1.1±0.14
B CM-H2DCFDA Amplex Red
Cytochrome c DCPIP Cytochrome c DCPIP
(AU mg protein−1 oxidoreductase activity−1) (pmol H2O2 min
−1 mg protein−1 oxidoreductase activity−1)
Glycerophosphate
DH+CoQ** 0.27±0.022 2.26±0.377 1.03±0.097 8.74±1.514
CIII*** 0.06±0.012 0.49±0.121 0.35±0.025 2.94±0.474
Succinate
DH+CoQ** 0.16±0.017 1.63±0.541 0.63±0.088 6.61±2.268
CIII*** 0.11±0.018 1.16±0.411 0.57±0.051 5.92±1.928
(A) ROS production by dehydrogenase and coenzyme Q (DH+CoQ) and by complex III (CIII) was calculated as myxothiazol-insensitive and myxothiazol-sensitive
portions of antimycin A-induced ROS production in BAT mitochondria. (B) Both components (DH+CoQ, CIII) of ROS production were related with activities of
corresponding dehydrogenases: mGPDH for glycerophosphate, SDH for succinate; determined both as cytochrome c or DCPIP oxidoreductases. Values are
means±S.E.M. of at least 5 independent experiments performed in duplicates.
* Antimycin A-induced.
** Myxothiazol-insensitive portion.
*** Myxothiazol-sensitive portion.
992 M. Vrbacký et al. / Biochimica et Biophysica Acta 1767 (2007) 989–997dehydrogenase and coenzyme Q in ROS production by
glycerophosphate compared with that of succinate.
3.3. Correlation of the mGPDH and SDH activity with ROS
generation
As the amount of ROS generated using different substrates
depends on the mitochondrial content of corresponding
dehydrogenases, we related the data on ROS production also
with the enzyme activities determined spectrophotometrically
using two different electron acceptors — cytochrome c and
DCPIP. The activities of glycerophosphate and succinate
cytochrome c oxidoreductase were 392.0±21.7 and 272.4±
20.1 nmol min−1 mg protein−1, respectively; activities of gly-
cerophosphate and succinate DCPIP oxidoreductase were
46.2±7.2 and 26.1±8.4 nmol min−1 mg protein− 1, respec-
tively. The apparent ratios of the observed ROS production to
the corresponding enzyme activities (Table 1B) clearly showed
that whereas the myxothiazol-insensitive ROS production was
1.3–1.7 times higher in case of glycerophosphate oxidation, the
ROS production from complex III (myxothiazol-sensitive) was
1.6–2.4 times higher in case of succinate oxidation. The
observed qualitative differences between the two pathways of
ROS production confirmed a much higher contribution of the
dehydrogenase and coenzyme Q in case of glycerophosphate–
supported ROS formation, thus indicating that the generation of
ROS by the entire mGPDH is very efficient.3.4. Ferricyanide-induced oxygen consumption
In further experiments we followed ROS production by
means of oxygraphic analysis. Glycerophosphate- and succi-
nate-induced oxygen uptake was measured as previously [12] in
mitochondria inhibited by KCN and after addition of one-
electron acceptor — ferricyanide. In parallel, we spectro-
photometrically measured the rate of reduction of the added
ferricyanide. The added ferricyanide was rapidly reduced by
both mGPDH and SDH as expected, but we observed an
enormous difference in the KCN-insensitive oxygen consump-
tion (Fig. 3). Addition of ferricyanide to glycerophosphate-
supplemented mitochondria resulted in a massive burst of
oxygen consumption indicating a pronounced induction of ROS
generation (Fig. 3A), whereas in case of succinate the oxygen
consumption remained unaffected or rather slightly decreased
(Fig. 3B). In accordance with our previous studies [12] this
striking difference in oxygen consumption in the course of
electron transfer to ferricyanide demonstrates that glyceropho-
sphate and succinate support ROS generation by different
mechanisms of electron leak at the level of FAD-dependent
dehydrogenases, as only the ROS production by mGPDH is
activated by ferricyanide. This mGPDH-dependent ROS
production was also observed in the presence of KCN and
myxothiazol (Fig. 4A) or in the presence of antimycin A and
myxothiazol (Fig. 4B) when blocking the complex III.
Furthermore, we observed that this myxothiazol-insensitive
Fig. 3. Ferricyanide-activated KCN-insensitive oxygen uptake by BAT
mitochondria. Glycerophosphate-dependent (A) and succinate-dependent (B)
KCN-insensitive oxygen consumption by 0.1 mg mL−1 BAT mitochondria was
monitored in parallel with ferricyanide reduction at 420 nm. At time intervals
indicated in the graph, potassium ferricyanide (K3[Fe(CN)6]) was added to a
final concentration of 125 μM. Results represent measurements obtained with 3
different mitochondrial preparations.
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naborate, a specific reversible inhibitor of mGPDH [24]. When
the mGPDH inhibition was released by BSA, ferricyanide-
induced, glycerophosphate-dependent ROS production recov-
ered again (Fig. 4C). ROS production induced by ferricyanide
was present also in mitochondria treated with the detergent
lauryl maltoside (Fig. 4D). It was insensitive to myxothiazol and
demonstrated that solubilized enzyme can still produce ROS
upon induction by ferricyanide. mGPDH capacity to generate
ROS was retained up to 8 mg lauryl maltoside per mg of protein
(not shown).
3.5. Dihydroethidium-based detection of ROS
To further assess the type of reactive oxygen species released
upon oxidation of glycerophosphate, we used dihydroethidium
(DHE), a fluorescent probe that exerts high selectivity towards
superoxide compared with other ROS species [25] and is widely
used for its detection in mitochondria [26,27]. Fig. 5 shows the
superoxide production in BAT mitochondria in the presence of
antimycin A. The addition of superoxide dismutase completelyabolished the signal originating from oxidation of glyceropho-
sphate confirming thus that the superoxide anion and not
hydroxyl radical or hydrogen peroxide was the detected species.
The use of β-glycerophosphate, a glycerophosphate analog that
is not oxidized by mGPDH, showed no antimycin A-induced
superoxide production. Also mercaptodicarbanonaborate, a
specific inhibitor of mGPDH, prevented the superoxide
production. When heat-denatured (5 min at 70 °C) mitochondria
were used, no signal was detected.
3.6. Detection of the glycerophosphate-dependent ROS
generation by EPR spectroscopy
EPR spectroscopy is the only technique that can directly
detect oxygen radicals. We employed also this method to
investigate mGPDH-dependent ROS production by BAT mito-
chondria. As shown in Fig. 6, when using spin trap DMPO
typical spectra of hydroxyl radicals (prominent quartet signal
with intensity ratios 1:2:2:1, aN=aH=14.9 Gauss, characteristic
of a DMPO-OH adduct) were detected when glycerophosphate
and antimycin A were added to the suspension of BAT
mitochondria. The addition of superoxide dismutase highly
reduced the glycerophosphate-dependent signal indicating that
the primary released species was the superoxide anion radical.
EPR spectroscopy thus fully confirmed a pronounced ROS
production due to the oxidation of glycerophosphate.
4. Discussion
It is now well established that several mammalian
mitochondrial electron-transporting enzymes and components
of the inner mitochondrial membrane can produce ROS, viz.
complex I, complex III, mGPDH and coenzyme Q (reviewed
in [28,29]). However, the detailed mechanism of the electron
leak resulting in production of the superoxide anion and its
conversion to other reactive oxygen species is still only poorly
understood in case of individual enzymes differing in
structure, membrane localization and sites of electron leak,
as well as in their exposition to type I and type II superoxide
dismutases, and possibly other components of the cellular
scavenging system. Substantial differences in the generation
and fate of ROS originating from individual respiratory chain
enzymes can indeed be expected. Therefore, their better
characterization is essential for understanding potential
biological consequences.
In this study we focused on the site and mechanism of ROS
generation related to mGPDH and demonstrated that ROS
produced by oxidation of glycerophosphate is primarily
associated rather with mGPDH and coenzyme Q than with
complex III. In addition, the production of the superoxide anion
appears to be highly facilitated by one-electron transfer from
mGPDH. These characteristics thus clearly distinguish glycer-
ophosphate-dependent mitochondrial ROS production from that
originating from succinate oxidation.
With the aim to assess the contribution of individual
components of mitochondrial respiratory chain to the antimycin
A-induced ROS generation, we used myxothiazol, an inhibitor
Fig. 4. Ferricyanide-activated oxygen uptake by BAT mitochondria supplemented with glycerophosphate. Glycerophosphate-dependent oxygen consumption by
0.1 mg mL−1 BAT mitochondria was monitored in the presence of chemicals added at time intervals shown in the graphs. The additions included potassium
ferricyanide (K3[Fe(CN)6]) 62.5 μM, antimycin A (AA) 1 μg mL
−1, myxothiazol (MXT) 1 μg mL−1, mercaptodicarbanonaborate (C2B9SH) 50 μM, BSA 0.5 mg
mL−1, lauryl maltoside (LM) 0.2 mg mL−1. Results represent measurements obtained with 3 different mitochondrial preparations.
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coenzyme Q and complex III components. By employing this
inhibitor we compared ROS induced by oxidation of glycer-
ophosphate with that induced by oxidation of succinate. Our
approach was based on the use of two types of fluorescent
probes, viz. Amplex Red and CM-H2DCFDA, known to
monitor different forms of ROS. Whereas the Amplex Red
used in the assay coupled with peroxidase detects primarily
hydrogen peroxide [30], CM-H2DCFDA is oxidized by
hydroxyl, peroxyl and alkoxyl radicals, and peroxynitrite, and
H2O2 can oxidize it indirectly via catalysis by transition metal
ions or cellular haem proteins such as peroxidase [31]. Due to its
wide spectrum of the detected ROS and complicated reaction
mechanism, the data obtained with CM-H2DCFDA monitor
rather the overall redox status than any particular form of ROS.
Both probes, however, yielded almost identical results which
indicated that the major portion (approximately 75%) of
glycerophosphate-induced ROS production originates fromthe myxothiazol-insensitive component. The observation that
mGPDH and mGPDH-coenzyme Q electron transfer are
particularly prone to electron leak is in agreement with previous
studies with mammalian mitochondria from brown adipose
tissue [12], placenta [22], liver [23] and brain [32] as well as
with data on Drosophila mGPDH [8,13]. In contrast, the low
myxothiazol-insensitive (dehydrogenase) component and high
contribution of complex III in succinate-induced ROS suggest a
low propensity, if any, of SDH itself to generate ROS. Indeed,
the oxidation of succinate as the main respiratory substrate can
produce ROS by the reverse electron flow from SDH to
complex I [19,33–35] and ROS can be produced also due to
reverse electron flow from mGPDH [13,32]. However, this does
not apply to our experimental setup using frozen–thawed
mitochondria since the reverse electron flow requires a
mitochondrial membrane potential [36]. A direct involvement
of SDH in ROS production was demonstrated in the isolated,
reconstituted enzyme [10,37], hence under conditions that allow
Fig. 5. Dihydroethidium detection of superoxide production in BAT
mitochondria. 0.1 mg of BAT mitochondria (BAT) were resuspended in 1 mL
of K-medium containing 10 mM glycerophosphate (GP) or 10 mM β-
glycerophosphate (β-GP, sn-glycerol 2-phosphate), and 1 μg mL−1 antimycin A
(AA). Where indicated, 100 U mL−1 superoxide dismutase (SOD), or 50 μM
mercaptodicarbanonaborate (C2B9SH) were present. Heat-denatured BAT
mitochondria were incubated at 70 °C for 5 min and used at the same
concentration as the nontreated ones (0.1 mg mL−1). ROS production was
measured after 1 h of reaction with 20 μMDHE at room temperature. Data from
at least 3 independent experiments performed in duplicates were analyzed and
are shown as means±S.E.M.
Fig. 6. EPR spectra of antimycin A-induced, glycerophosphate-dependent ROS
generation in BAT mitochondria. BAT mitochondria (0.1 mg mL−1) were
resuspended in K-medium containing 1 mM DTPA and supplemented with
10 mM glycerophosphate (GP) and/or 1 μg mL−1 antimycin A (AA). Where
indicated, superoxide dismutase (SOD) was added to a final concentration of
100 U mL−1. Finally, DMPO spin trap was added to a final concentration of
150 mM and EPR spectra were acquired at room temperature. Results are
representative of at least 4 independent measurements.
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absence of an electron transfer partner.
In agreement with our previous study [12], when using one-
electron acceptor, ferricyanide, we clearly showed that while
both flavoprotein dehydrogenases reduce ferricyanide in
frozen–thawed mitochondria, only the glycerophosphate-
dependent ROS production was dramatically activated. The
direct involvement of mGPDH in ROS production was
demonstrated in condition when complex III was blocked by
myxothiazol and also by complete inhibition by mercaptodi-
carbanonaborate, a specific reversible inhibitor of mGPDH. In
addition, even the enzyme solubilized with the detergent lauryl
maltoside, that was no longer able to support the respiration,
still produced ROS upon induction by ferricyanide. Detergent
solubilization thus demonstrated that mGPDH that cannot
transfer electrons to complex III via coenzyme Q is able to
generate ROS. The radical form of coenzyme Q, ubisemiqui-
none is relatively stable only when protein-bound and thus
coenzyme Q in the lipid bilayer should be no source of ROS
[38]. Interestingly, a considerable amount of coenzyme Q
remains bound to mitochondrial proteins after detergent
treatment [39] and thus the involvement of ubisemiquinone in
ROS generation by mGPDH solubilized by lauryl maltoside is
quite likely.
Release of superoxide anion when mitochondria oxidized
glycerophosphate was then demonstrated by dihydroethidium
fluorescence and EPR experiments. Thus, the ROS formation
by mGPDH and the primary form of oxygen species were
detected here by means of a variety of procedures based on
different mechanisms of detection as recommended for such
types of studies [40–42].Our data presented here demonstrate the direct involvement
and marked ability of the mammalian mGPDH to generate
ROS. The nature of the ROS production by mGPDH remains
unclear, but comparison of the physico-chemical properties of
mGPDH and SDH dehydrogenases may be indicative of which
of the potential ROS generation sites, viz. flavin, Fe–S cluster
or quinone is involved. mGPDH is the smallest of the
respiratory chain dehydrogenases and has been purified from
different mammalian tissues [14,43,44]. Due to the apparent
lability of mGPDH enzyme, its purification leads to partial
enzyme inactivation and loss of noncovalently bound cofactors
[14,43,44]. Hence it is not completely clear what is the FAD and
Fe–S content of the enzyme. SDH contains 1 molecule of FAD
[45] and mGPDH probably contains also 1 FAD, although the
flavin content of purified mGPDH was repeatedly found to be
substoichiometric [14,43,44]. Importantly, purified mGPDH
from different mammalian tissues shows very low content of
Fe–S that could not almost be detected in some studies
[14,43,44]. Nevertheless, the presence of catalytically active Fe
was demonstrated by 1,10-phenanthroline inhibition [14].
While SDH contains 3 Fe–S clusters that constitute an electron
transport relay within the enzyme efficiently preventing electron
leaks [45], mGPDH appears to contain only 1 Fe–S center (Fe:
FAD ratio 1:1) that is unique among respiratory chain
complexes and might be critical for electron leak. Moreover,
the reactive site of mGPDH is located near the outer surface of
the inner membrane and mGPDH presumably lacks the high
affinity coenzyme Q-binding site [46,47] exemplified by the
canonical [aliphatic–(X)3–H–(X)2/3–(L/T/S)] sequence motif
[48]. This is a substantial qualitative difference from SDH
where the presence of the coenzyme Q-binding site represents a
natural protection by stabilization of ubisemiquinone radical
formed during coenzyme Q reduction [49,50]. Interestingly,
several reports have shown that ROS production by SDH is
induced by mutations affecting the Q-binding site of the enzyme
[51–53]. Marked potentiation of ROS production by ferricya-
nide, apparently absent in SDH-dependent ROS production
996 M. Vrbacký et al. / Biochimica et Biophysica Acta 1767 (2007) 989–997could indicate that facilitation of one-electron transfer from
mGPDH highly stimulates electron leak.
In conclusion, we propose that the high susceptibility to ROS
production by mGPDH may reflect inefficient protection of its
interaction with coenzyme Q and possibly also the low Fe–S
content. It is thus the key question to be answered in future
studies whether and to what extent these sites contribute to
electron leak and ROS generation by mGPDH.
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